Abstract
mechanism governing these differences at the molecular level is unknown, 27 warranting a systematic profiling of gene expression in males and females during 28
embryogenesis. 29
Findings: We performed comprehensive analyses of gene expression comparing 30 male and female embryos using available single-cell RNA-sequencing data of 1607 31 individual cells from 99 human preimplantation embryos, covering development 32 stages from 4-cell to late blastocyst (E2 to E7). Consistent chromosome-wide 33 transcription of autosomes was observed, while sex chromosomes showed 34 significant differences after embryonic genome activation (EGA). Differentially 35 expressed genes (DE genes) in male and female embryos mainly involved in the cell 36 cycle, protein translation and metabolism. The Y chromosome was initially 37 activated by pioneer genes, RPS4Y1 and DDX3Y, while the two X chromosomes in 38 female were widely activated after EGA. Expression of X-linked genes in female 39 9 Both copies of X chromosome in female are widely activated during 165 
EGA

166
For the X chromosome, we examined the dynamic changes for all expressed 167 genes during the genomic activation process. Still, these X-linked genes, distributed 168 along the entire chromosome, exhibit higher expression in the female than in male 169 embryos after EGA ( Figure 2D ). Considering the extra copy of the X chromosome in 170 female, we analyzed the allele-specific expression of X-linked genes to determine 171 whether the higher level of expression reflects the activation of both copies.
We 172 were able to analyze the allelic expression for each common single nucleotide 173 variant (SNV) present in the dbSNP database within each cell. For example, female 174 embryos at the 8-cell stage show bi-allelic expression of the HNRNPH2 gene as both 175 a T and a G allele could be identified from the RNA-seq data, whereas the transcript 176 in male embryos harbors only a T allele after EGA ( Figure 2E ). This is also the case for 177 DDX3X, a gene escaping from X-inactivation, with approximate 50% percentage of 178 reads representing expression of the alternative allele in each female cell after EGA 179 ( Figure 2F ). All the above results demonstrate that all X chromosomes, both in male 180 and female, exhibit wide transcriptional activity during the process of EGA. The 181 transcription of the two copies in females result in an unbalanced dosage between 182 male and female embryos in these early stages. we employed tSNE analysis using only expression of X-linked genes. Despite of the 191 primary classification of development stages, we noticed a sex-specific segregation 192 within each stage (Figure3 A), except for a slight overlap for E7 embryos as they 193 exhibit an overall 70%-85% compensation of X chromosome at that time [22] . Besides expression profiling, the DNA methylation landscape of specific marker 206 regions on the X chromosome can also reflect the status of gene activation or 207 inactivation [34] . To further support our finding that the first dosage compensation 208 occurs in TE cells, we investigated the DNA methylation level of four reported 209 markers: AR, ZDHHC15, SLITRK4 and PCSK1N [35] . In total, we collected methylation 210 data for early embryos, including morula, PE (or ICM) and TE from late 211 blastocysts, and post-implantation embryos [25] . As expected, the regions near to 212 PCSK1N are hemimethylated in the post-implantation embryos, as one of the X 213 chromosome has completed the inactivation and become methylated at this stage 214 ( Figure 3D ). Interestingly, we also discovered a low methylation level for these DNA 215 sites in TE cells, comparing with the non-methylated landscape in PE cells (or ICM) . 216
Although we could not obtain clear methylation profiles of the other three loci 217 ( Figure S4 ), the specific pattern of PCSK1N indicates that methylation as well as 218 inactivation of the X chromosome first occur in female TE cells. 219
Discussion
220
Our study provides to the best of our knowledge the first information on 221 expression differences between male and female IVF embryos during early 222 development. The inclusion of a large number of embryos provides evidence that the 223 transcriptional differences are prominent on sex chromosomes. Our analysis 224 demonstrates distinct transcriptional patterns of genes on the sex chromosomes 225 during early embryogenesis, initial activation of pioneer genes on the Y chromosome12 and activity of a broad region on the X chromosome. Thus, RPS4Y1 exhibits high 227 expression at the time of EGA and shows a sex-specific expression pattern. In 228 humans, RPS4Y1 is one of the variants encoding the ribosomal protein S4 (RPS4), and 229 its paralogous gene RPS4X is the first gene on long arm of the X chromosome known 230 to escape from X inactivation [36] . The amino acid differences between the 231 proteins encoded by these two genes result in the generation of two distinct, but 232 functionally equivalent, forms of ribosomes [37] . In contrast to the silencing of the 233 homologous genes in mouse [38] , it has been assumed that normal human 234 development requires at least two RPS4 genes per cell; two RPS4X in female cells ribosome family genes involved in translation elongation and metabolism shows 248 significant differences of expression ( Figure S5 ). As a result, these genes may well 249 regulate protein synthesis and cell signaling pathways. As a sex-ratio bias in relation 250 to of embryonic mortality and growth rates during early development has been 251 reported, all these results may suggest a potential correlation between sex-specific 252 gene expression and the particular behavior of early embryos. 253
Our study revealed that most X-linked genes become transcriptional active 254 concomitant with completion of EGA in all embryos. In addition, both copies of the 255 X-chromosomes in female are activated. It has been generally assumed that the 256 germline-inactivated X might be passed onto the offspring as in two-cell mouse 257 embryos, where repetitive elements on the paternal X are suppressed [43, 44] . 258
However, de novo inactivation of the paternal X chromosome in mouse embryos has 259 been reported [45, 46] , with a re-inactivation taking place after the 4-cell stage [19] . 260
For humans, we know that beyond completion of EGA at E4, female cells possess two 261 active X chromosomes [22] . From the comparison of transcription and the allelic 262 expression analysis, our research, for the first time, demonstrates that the two copies 263 of X chromosomes in female are widely activated immediately after genome 264 activation from the 4-cell to the 8-cell stage at E3. 265
The extensive datasets we investigated in the present study indicate that dosage 266 compensation of the X chromosome first occurred in TE cells. In mice, the imprinted 267 inactivation of the paternal X (Xp) chromosome occurs beyond the 4-cell stage [19] . 268 14 Inactivity of the Xp is maintained in the TE but is reversed randomly in the ICM of the 269 blastocyst [47, 48] . Key genes, including Atrx, which are involved in chromatin 270 remodeling and heterochromatin formation and play a central role in the 271 X-chromosome inactivation process, have been found to be expressed in TE cells, but 272 not in other cell types (EPI). For humans, it has been reported that X chromosome 273 inactivation occurs in all three lineages at E7, and the expression of both X 274 chromosomes is reduced before the random silencing of an entire X chromosome 275
[22]. Our finding of first inactivation in TE cells raises the question as to whether 276 lineage-specific factors, similar to the situation in mouse, can regulate the process of 277 inactivation. Besides, fast inactivation of the X chromosome in TE cells, especially in 278 polar cells ( Figure S6 ) where the first interaction between embryos and uterus occurs 279 during implantation, may result in a balanced dosage between the embryo and the 280 maternal endometrium. Thus, it may be beneficial in relation to implantation as 281 skewed X-chromosome inactivation is associated with recurrent miscarriage [48, 49] . 282
While understanding whether this initial inactivation is paternal imprinted or 283
proceeds randomly is also an important question for the future. 284
In conclusion, we provide a comprehensive comparison of the transcriptional 285 atlas of male and female human preimplantation embryos and reveal the dynamics 286 of sex chromosomes expression and silencing during embryogenesis for the first time. 287
The precocious X inactivation and decrease in number of TE cells for IVF female 288 embryos may account for the observed preferential female mortality at early stages 289 15 and the sex ratio in the ART cycle [50] . Studying sex differences during human 290 embryogenesis, as well as understanding the process of X chromosome inactivation 291 and the correlation with early miscarriage, will expand the capabilities of ART and 292 possibly improve the treatment of infertility and enhance reproductive health. In 293 addition, this study of sex differences in early embryos will also provide a basis for 294 further experiments on how environmental impact during early developmental 295 stages can elicit profound and lasting effects that are different in male and female 296 offspring. 297
Methods
298
Ethical approval 299
Analyses performed at BGI comprised bioinformatics analysis of public sequencing 300 data, approved by the Institutional Review Board on Bioethics and Biosafety of BGI 301 (IRB 13067). 302
Sequencing Data Processing
303
For RNA-seq data, raw reads were mapped to the human genome (hg19) using 304 chr1  chr2  chr3  chr4  chr5  chr6  chr7  chr8  chr9  chr10  chr11  chr12  chr13  chr14  chr15  chr16  chr17  chr18  chr19  chr20  chr21  chr22  chrX chr1  chr2  chr3  chr4  chr5  chr6  chr7  chr8  chr9  chr10  chr11  chr12  chr13  chr14  chr15  chr16  chr17  chr18  chr19  chr20  chr21  chr22  chrX ZFY  TGIF2LY  PCDH11Y  TSPY2  AMELY  TBL1Y  PRKY  TTTY16  RBMY1A3P  TTTY20  TSPY1  GYG2P1  TTTY15  USP9Y  DDX3Y  UTY  TMSB4Y  NLGN4Y  NCRNA00185  TTTY14  CD24  KDM5D  TTTY10 Figure 3 
